1. The matrix pyrophosphate (PP,) content of isolated energized rat liver mitochondria incubated in the presence of ATP, Mg2+, Pi and respiratory substrate was about 100 pmol/mg of protein. 2. After incubation with sub-micromolar [CaO2], this was increased by as much as 300 %. There was a correlation between the effects of Ca2+ on PP1 and on the increase in matrix volume reported previously [Halestrap, Quinlan, Whipps & Armston (1986) Biochem. J. 236,[779][780][781][782][783][784][785][786][787]. Half-maximal effects were seen at 0.3 ,zM-Ca2+. 3. Coincident with these effects, the total adenine nucleotide content increased in a carboxyatractyloside-sensitive manner. 4. Incubation with 0.2-0.5 mM-butyrate induced similar but smaller effects on mitochondrial swelling and matrix PP1 and total adenine nucleotide content. Addition of butyrate after Ca2 , or vice versa, caused Ca2+-induced mitochondrial swelling to stop or reverse, while matrix PP1 increased 30-fold. 5. Addition of atractyloside or the omission of ATP from incubations greatly enhanced swelling induced by Ca2" without increasing matrix PP1. 6. Swelling of mitochondria incubated under de-energized conditions in iso-osmotic KSCN was progressively enhanced by the addition of increasing concentrations of PP1 (1-20 mM) or valinomycin. 7. In iso-osmotic potassium pyrophosphate swelling was slow initially, but accelerated with time. This acceleration was inhibited by ADP, whereas carboxyatractyloside induced rapid swelling. Swelling in other iso-osmotic PP1 salts showed that the rate of entry decreased in the order NH4+> K+ > Na+ > Li', whereas choline, tetramethylammonium and Tris did not enter. It is suggested that the adenine nucleotide translocase transports small univalent cations when PPi is bound and that PPi can also be transported when the transporter is in the conformation induced by carboxyatractyloside. 8. It is concluded that Ca2' and butyrate cause swelling of energized mitochondria through this effect of PPi on K+ permeability of the mitochondrial inner membrane. 9. Freeze-clamped iivers from rats treated with glucagon or phenylephrine show 30-50 % increases in tissue PPi. It is proposed that Ca2+-mediated increases in mitochondrial PPi are responsible for the increase in matrix volume and total adenine nucleotide content observed after hormone treatment.
INTRODUCTION
Rat liver mitochondria regulate their matrix volume through the operation of an electrogenic K+ uniporter and a K+/H+ antiporter (Brierley,-1976;  Garlid, 1979 Garlid, , 1980 Dordick et al., 1980; Nakashima et al., 1982; Brierley et al., 1984) . Previous studies in our laboratory have shown that sub-micromolar [Ca2"] can increase the electrogenic entry of K+ and so cause mitochondrial swelling (Halestrap et al., 1986) . We believe this to be the mechanism by which hormones increase the matrix volume in vivo (Quinlan et al., 1983) . The effects of Ca2l on mitochondrial swelling were found to be inhibited by the presence of ATP and activated by the presence of atractyloside (Halestrap et al., 1986 ). This suggested that there might be some involvement of the adenine nucleotide transporter in the swelling process. Otto & Cook (1982) have reported that incubating liver mitochondria with high [Ca2l] in the presence of butyrate led to large accumulation of PP1 within the matrix. In studies on the production of inositol phosphate metabolites by a crude mitochondrial fraction, using high-voltage electrophoresis at pH 1.8, we sometimes detected an increase in PPi in response to submicromolar [Ca2l] (Whipps et al., 1987) .
Several observations suggested that such an increase in
[PPJ] might be important in the ability of Ca2l to increase
Vol. 246 the matrix volume. Firstly, PP1 is known to be a substrate with a low affinity for the adenine nucleotide translocator (Kramer, 1980; Asimakis & Aprille, 1980; D'Souza & Wilson, 1982) and, as outlined above, this translocator has been implicated in the increase in matrix volume induced by Ca2l. Secondly, it has been observed in several laboratories that the total adenine nucleotide content of liver mitochondria increases after hormone treatment (Bryla et al., 1977; Siess et al., 1977; Titheradge & Haynes, 1980; Aprille et al., 1982; Soboll & Scholz, 1986) . Since PP1 can exchange with adenine nucleotides on the ATP/ADP translocator, this observation would be consistent with a rise in mitochondrial [PPJ in response to hormones under the conditions known to cause an increase in mitochondrial matrix volume (Quinlan et al., 1983) . Thirdly, there are reports which suggest that the conformation of the adenine nucleotide transporter can influence the K+ permeability of the mitochondrial inner membrane (Panov et al., 1980; Jung & Brierley, 1981 . Fourthly, it has been reported that butyrate, which is activated to butyryl-CoA in the mitochondria and generates intramitochondrial PP1, affects the metabolism of hepatocytes in a similar manner to glucogenic hormones (Veech et al., 1980) . In the present paper we investigate more fully the effects of Ca2l and butyrate on mitochondrial [PPJ] , and provide evidence that it is an effect of PP1 on the adenine nucleotide transporter that is responsible for the Ca2+-mediated increase in K+ permeability, matrix volume and total mitochondrial adenine nucleotides.
EXPERIMENTAL Materials
Rats. Female Wistar rats (approx. 250 g body wt., fed ad libitum with Breeding Diet, from Oxoid, Basingstoke, Hants., U.K.) were used for the preparation of liver mitochondria, which was performed as described previously (Halestrap, 1975 (Halestrap, , 1978 .
Chemicals. The sources of all chemicals, biochemicals and radiochemicals, except those listed below, were the same as given by Quinlan et al. (1983) and Halestrap et al. (1986) . Pyrophosphate-dependent fructose-6-phosphate kinase (EC 2.7.1.90), D-fructose 6-phosphate, carboxyatractyloside and atractyloside were obtained from Sigma Chemical Co., Poole, Dorset, U.K. Aldolase and a mixture of glycerol-3-phosphate dehydrogenase and triose-phosphate isomerase were obtained from Boehringer, Mannheim, Germany. Sodium n-butyrate was obtained from Hopkin and Williams, Chadwell Heath, Essex, U.K. Solutions of PPi were prepared freshly each day by neutralizing pyrophosphoric acid (Fluka, Buchs, Switzerland) with the relevant base.
Methods
Measurement of the energized swelling of mitochondria. This was measured by using light-scattering at 520 nm as described previously (Quinlan et al., 1983; Halestrap et al., 1986) . The incubation buffer contained 125 mm-KCI, 10 mM-Mops, 7 mM-Tris base, 0.5 mM-EGTA, 2.5 mM-potassium phosphate, 2.5 mM-MgCl2, 5 mm-Tris succinate and defatted, dialysed, bovine serum albumin (5 mg/ml) and was adjusted to pH 7.2 at 37 'C. In most incubations either 0.3 mm-or 1 mM-MgATP was also included, as indicated in the appropriate Figures and Tables. Mitochondria were added to a final concentration of about 4 mg/ml and thoroughly mixed before 3.5 ml portions were transferred to sample and reference cuvettes. The mitochondrial suspension was stirred vigorously under an atmosphere of 100 % 02 and maintained at 37 'C while A520 was monitored. After preincubation for 2 min, additions were made to the sample cuvettes as indicated in the Figures. Lightscattering was monitored for another 4-8 min before samples were taken for metabolite analysis.
Determination of metabolites. After incubation, mitochondria were first sedimented through silicone oil into HC104 as outlined by Halestrap & McGivan (1979) . Duplicate 1 ml samples of mitochondrial suspension from both reference and sample cuvettes were carefully layered on top of 150 u1 of a mixture of 65 % (v/v) silicone oil (M.S. 550) and 35 % (v/v) dinonyl phthalate, covering 100 1zl of 10% (w/v) HC104 containing 20% (w/v) glycerol. Mitochondria were immediately sedimented by centrifugation for 60 s at 8000 g in an M.S.E. Micro Centaur bench centrifuge. The supernatant was removed and discarded, and the pellet was extracted in HC104 by vigorous vortex-mixing, followed by centrifugation (10000 g-min) to separate the aqueous and nonaqueous layers. Portions (80 psl) of HC104 extract were removed with a micro syringe from each of the duplicate tubes and combined. Distilled water was added, and the samples were neutralized to pH 6.5-7.0 with 5 M-KOH containing 0.5 M-Mops and 20 mM-EDTA. A final volume of 1 ml containing approx. 2 mM-EDTA was attained. The EDTA was included to chelate Mg2" and so to inhibit any remaining pyrophosphatase and adenylate kinase activity. The precipitated perchlorate was removed by centrifugation (10000 g min) after standing on ice for 30 min, and the neutralized extracts were stored at -70°C before assay. Added PP1 showed no degradation when taken through this procedure. PP, was determined by the method of Cook et al. (1978) , but with 5 mM-MgCl2 in the assay to compensate for EDTA in the extract. A sample (0.6-0.8 ml) was added to 3.6 ml of assay buffer divided in two cuvettes and the A340 was monitored in a split-beam spectrophotometer, with resolution at 340 nm of 1O-unit, after addition of pyrophosphate-dependent phosphofructokinase to the sample cuvette. In some experiments the concentration of PP1 in the supernatant after sedimentation of the mitochondria was measured and was found to be < 1 /tM.
Thus correction of the PP1 content of the pellet for extramitochondrial PP, contamination was unnecessary.
Adenine nucleotides were also determined in the neutralized HC104 extracts in some experiments. ATP was determined as described by Lamprecht & Trautschold (1974) , and ADP and AMP were measured by the method of Jaworek et al. (1974) . Contamination of the mitochondrial pellet with extramitochondrial adenine nucleotides was corrected for by inclusion of [14C]sucrose (0.1 tCi/ml) in the incubation medium. Assay of 14C and adenine nucleotides in both pellet and supernatant fractions then allowed the necessary corrections to be made. It was found that about 45 % of the ATP, 17 % of the ADP and 8 % of the AMP content of the pellet was extramitochondrial.
Determination of ICa2ll. The exact concentration of EGTA in the incubation medium containing mitochondria was determined by titration with standardized Ca21 in the presence of 70 /LM-Arsenazo III and Ruthenium Red (5 ,ug/ml), by using a double-beam spectrophotometer (670 nm -685 nm) as described by Halestrap et al. (1986) . The concentration of free Ca21 corresponding to a measured addition of CaCl2 was then computed from the apparent dissociation constants of the ligands and metals in the buffer as described by Denton et al. (1978) . Unless otherwise stated, all [Ca2+] values given are free concentrations of Ca2 .
Measurement of mitochondrial volumes. In certain experiments, mitochondrial volumes were determined after completion of light-scattering measurements by addition of 3H20 (1 1sCi/ml) and ['4C ]sucrose (0.1 ,uCi/ ml) as described by Halestrap et al. (1986) . Further details are given in the legend to Fig. 3 grid of 1 A unit was used for the reference cuvette. Mitochondria were added to the sample cuvette at a final protein concentration of 3 mg/ml and the change in A520 was monitored. The temperature was 30 'C. Other additions were made to the medium as indicated in the legend to Fig. 7 .
RESULTS

Role of Ca2l and PP1 in mitochondrial swelling
Previous work has demonstrated that exposure of rat liver mitochondria to Ca24 results in a decrease in lightscattering, which corresponds to an increase in measured matrix volume (Halestrap et al., 1986) . Furthermore, these effects can be demonstrated at extramitochondrial [Ca2"] within the physiological cytoplasmic range. In Fig. 1 we demonstrate that the rate ofmitochondrial swelling increases most sharply with increasing Ca24 between 0.1 and 0.5SM, with little further increase between 0.5 and 2.0 gLM-Ca21 . A parallel increase in mitochondrial PP1 content was observed, which also responded most acutely to increasing [Ca24] between 0.1 and 1.0,M-Ca21. This sensitivity towards Ca24 is very similar to that observed by Denton & McCormack (1985) and Hansford (1985) for the activation of mitochondrial dehydrogenases by Ca2". Further increases in the rate of swelling and the mitochondrial PP, content could be induced, but only when [Ca24] was increased by an order of magnitude or more (Fig. 1) (Aas & Bremer, 1968; Otto & Cook, 1982) , which were incubated at 37°C (in an orbital water bath) in a sealed 70 ml plastic container containing 2.5 ml of KCI medium and 1 mM-MgATP. After 2 min preincubation, either 0.5 mM-CaCl2 (corresponding to an initial [Ca24] of 8 /zM) or 0.6 mM-butyrate was added and incubation continued for the required time before removal of samples for PP1 determination (i) as described in Fig. 1 Fig. 3 . Table 1 . Influence of ATP and carboxyatractyloside on swellng and pyrophosphate accumulation by mitochondria Incubations were performed as described in the legend to Fig. 1 with either 0.6 mM-butyrate or 1 uM-Ca2+ added to the experimental cuvette. When present, 10,uM-carboxyatractyloside was added to both cuvettes. For butyrate addition, the total decrease in light-scattering (AA520) was measured over the 4 min incubation, by which time changes were complete. For Ca2+ addition, the maximal rate of decrease in light-scattering (A520/min) was measured to avoid damage to the mitochondria associated with prolonged and rapid swelling in the absence of ATP. All values are means+S.E.M. of n observations. The statistical significances of the difference between experimental and control mitochondria, calculated from paired Student's t test, were *P < 0.05, **P < 0.01 and ***P < 0.001, and between conditions with ATP present or absent tP < 0.05, tP < 0.01; n.d., not determined. In Fig. 3 (Fig. 3 ). This contrasts with the effects seen in deenergized mitochondria, to be described in Fig. 7 . The effects of ATP on swelling induced by butyrate and Ca2" are discussed in the following section.
Further evidence that butyrate and Ca2" might induce swelling by a common mechanism, namely an increase in matrix PPi, is given in Fig. 4 . A similar correlation is observed between PP, and extent of swelling after 3.5 min whether swelling was induced by low [Ca2"] (within the cytoplasmic [Ca2"] range) or butyrate (< 0.5 mM). However, we show in Fig. 5 that when Ca2" and butyrate were added together this correlation breaks down. Mitochondrial PPi increased 30-fold, from 93 pmol/mg in control incubations to 3014 pmol/mg with Ca2" followed by butyrate, and to 3869 pmol/mg when they were added in the reverse order. Concentrations of butyrate and Ca2" used were 0.6 mm and 0.9 gM respectively. Even higher contents of PPi, 10.6 nmol/mg, were measured by Otto & Cook (1982) Fig. 2 . This makes it difficult to compare the effects of ATP on the action of swelling agents by using data meaned from different experiments (cf. Fig. 4 , where all results were on the same mitochondrial preparation). The ability of ATP to moderate Ca2l-induced swelling is shared by ADP (Halestrap et al., 1986) . The protective effect of ATP could be removed by addition of either atractyloside or carboxyatractyloside, both inhibitors of the adenine nucleotide translocase. In Fig. 6 we show that the maximal rate of Ca2l-induced swelling in the presence of 0.3 mM-MgATP (measured as A520/min) was 4.4, and increased to 9.5 on addition of atractyloside without a corresponding change in matrix PPi content. Table 1 includes similar data for carboxyatractyloside. This effect of these inhibitors appeared to be a potentiation of the Ca2l-induced swelling, since addition of either inhibitor alone produced only a small degree of swelling (1.00 + 0.07 A520 unit/min; mean + S.E.M. for the response of three different mitochondrial preparations to atractyloside). This is consistent with the view that PPiinduced swelling is maximal when the adenine nucleotide translocase is trapped in the 'C' conformation, as occurs when atractyloside is present or when external adenine nucleotides are absent (see Scherer & Klingenberg, 1974; Klingenberg, 1976; Halestrap et al., 1985) .
There is some evidence which suggests that when in the 'C' conformation the adenine nucleotide translocase can act as a K+ channel (Panov et al., 1980; Jung & Brierley, (b) 1981, 1984) , and the data of Fig. 7 support this proposal, but implicate PPi in the mechanism. The swelling of deenergized mitochondria in iso-osmotic KSCN (a) and KPPi (b) was studied in the absence and presence of ADP (which enhances the 'M' conformation) and carboxyatractyloside (which enhances the 'C' conformation). In the KSCN medium the rate of swelling can be taken as a measure of the K+-permeability, since the SCN-ion is membrane-permeant. Under these conditions a slow rate of swelling was apparent, which was greatly accelerated by the addition of 1 ,tM-valinomycin. In the absence of valinomycin, swelling was slightly inhibited by addition of 0.5 mM-ADP, but this could be reversed by addition of 10 iM-carboxyatractyloside (Fig. 7a, trace vi) . Increased rates of swelling could also be induced by addition of potassium pyrophosphate (1-20 mM), as shown in traces ii-v, and this swelling was not abolished by the presence of carboxyatractyloside (trace ii). The swelling induced by 20 mM-potassium pyrophosphate was of similar magnitude to that caused by 0.5 ,aM-valinomycin. This clearly demonstrates that PPi can greatly enhance the electrogenic permeability of the mitochondrial inner membrane towards K+. In Fig. 7 (b) we demonstrate that, when incubated in iso-osmotic potassium pyrophosphate without further additions, mitochondria swelled slowly, but the swelling accelerated with time (trace ii) unless ADP was present (trace i). Swelling was greatly increased by addition of carboxyatractyloside whether or not ADP was present (traces i and iii), and there was no additional effect of 1 ,tsM-valinomycin (trace iii). Addition of valinomycin in the absence of carboxyatractyloside produced a moderate rate of swelling, which could be inhibited by ADP and stimulated by carboxyatractyloside (traces iii and iv). For mitochondria to swell in the potassium pyrophosphate medium, both K+ and PP1 must be able to enter. Thus the data of Fig. 7(b) suggest that in the 'C' conformation the adenine nucleotide translocator allows rapid electrogenic transport of PPi as well as K+. The exact mechanism of the uptake of these ions must await further investigation. However, we have studied the specificity of the K+ channel by using isoosmotic solutions of the PP, salt of various cations. The PP1 salt of choline, tetramethylammonium and Tris did not support swelling induced by carboxyatractyloside, whereas rates of carboxyatractyloside-induced swelling in iso-osmotic PPi salt of NH4 , Na+ and Li+ (expressed as a percentage of the rate with the K+ salt) were 160, 89 and 37 % respectively. These results suggest that it is the diameter of the hydrated cation which is important for electrogenic transport, just as is observed for valinomycin and nonactin (Pressman, 1976) . A similar conclusion was reached from the cation requirements for energized Ca2+-activated swelling (Halestrap et al., 1986) (Asimakis & Aprille, 1980; D'Souza & Wilson, 1982) . Therefore one might predict that an expanded pool of mitochondrial PP, exchanging with external adenine nucleotide, would lead to a net influx of the latter into mitochondria. In Table 2 we show that there was a highly significant increase (15%) in total adenine nucleotide content in mitochondria exposed to 1 ftM-Ca2", arising from significant increases in ATP (42 00) and ADP (16 %) but a fall in AMP of 190. There was also a significant increase in ATP/ADP ratio of 22 %. A similar but smaller effect was seen when mitochondria were incubated with 0.6 mMbutyrate, but under these conditions a larger proportion of the adenine nucleotides were present as AMP. During the 5 min incubation at 37°C there was a small loss (10%) of adenine nucleotides in the control incubation when extramitochondrial ATP was present, which was prevented by the presence of carboxyatractyloside. However, this inhibitor also prevented the increase in adenine nucleotides induced by incubation with I ,tMCa2" and caused a significant increase in AMP (19 % and 44% in the absence and presence of Ca2" respectively). When incubated in the absence of ATP for 5 min, the mitochondrial adenine nucleotides decreased to about 65 % of the initial value, and no increases were observed after treatment with Ca2" or butyrate. These data suggest that adenine nucleotides can enter or leave the mitochondrial matrix by a carboxyatractyloside-sensitive pathway. The net influx of adenine nucleotides in response to incubation with Ca2" occurred in the face of the greater concentrations of ATP and ADP than of PPi, and the reported low transport affinity for PP, compared with ATP in reconstituted vesicles (Kramer, 1985) . However, since ATP, ADP and presumably PPi are translocated as the free anion (Duszynski & Wojtczak, 1975; Kramer, 1980) , and a high proportion is complexed with Mg2+ in vivo, caution must be taken when extrapolating Km values based on total values to the situation in vivo. In addition, since the maximum translocation rate is high (Klingenberg, 1976; Stubbs et al., 1978; Stubbs, 1981) , substitution of PPi for ATP in only a small fraction of the total exchange would result in a modest accumulation of adenine nucleotides in the matrix over a period of time.
DISCUSSION
Regulation of mitochondrial PP;
The data presented in this paper demonstrate that there is a good correlation between the ability of both Ca2" (0.1-1.0 /M) and butyrate (0.2-0.5 mM) to increase intra-mitochondrial [PPJ and the mitochondrial matrix volume (Figs. 1-4) . Half-maximal activation by Ca2" of both processes under incubation conditions that approximate to the physiological situation occurs at about 0.3 /iM extramitochondrial Ca2". Thus they are thus sensitive to Ca2" concentrations in the same range as the mitochondrial Ca2"-sensitive dehydrogenases (Denton & McCormack, 1985; Hansford, 1985) and poised to respond readily to the increase in Ca2" that occurs upon hormone treatment of hepatocytes (Blackmore et al., 1982; Charest et al., 1983; Thomas et al., 1984; Mauger et al., 1984; Sistare et al., 1985; Poggioli et al., 1986) .
The mechanism by which Ca2+ increases mitochondrial [PP.] is not known, but could result from either a stimulated production or an inhibited removal of PP,.
Although it has been reported by some workers (Lrie et al., 1970; Volk et al., 1982) that Ca2+ can inhibit mitochondrial pyrophosphatases, the concentration used in their experiments was higher than expected within the Vol. 246 matrix. Further studies are required on the kinetics of mitochondrial pyrophosphatases under the conditions prevailing in the mitochondrial matrix. Stimulation of PPi synthesis within the mitochondrial matrix could occur by two mechanisms. ATP-dependent activation of endogenous fatty acids produced by intramitochondrial phospholipase A2 is one possibility. Ca2" is known to stimulate this enzyme and so increase the concentrations of non-esterified fatty acids for such activation (see Halestrap, 1981; Armston & Halestrap, 1984) . Although significant activation of phospholipase A2 can occur at high Ca2" loads and cause massive swelling of mitochondria (see e.g., Armston et al., 1982; Armston & Halestrap, 1984) , the process is inhibited by local anaesthetics, which were shown to have no effect on the swelling observed at low [Ca2+] (Halestrap et al., 1986) or on changes in [PP1] (results not shown). Another potential source of PPi is the proton-translocating pyrophosphatase best documented in bacteria (Baltscheffsky & Nyren, 1984) , but also present in ox heart and rat liver mitochondria (Mansurova et al., 1977; Volk & Baykov, 1984) . The effects of physiological [Ca21] on this enzyme have not been studied. It is probable that the final matrix [PP1] is determined by the activity of such a synthetic enzyme relative to the activity of any degradative pyrophosphatases (Irie et al., 1970; Volk et al., 1983 ) and the effilux of PP1 out of the mitochondria.
Interaction between PP1, the adenine nucleotide transporter and mitochondrial swelling
The correlation between [PP1] and swelling breaks down when both butyrate and Ca2" are added together (Fig. 5) . Under these conditions the [PP1] in the matrix rises more than 30-fold, but the swelling rapidly ceases.
It is probable that this massive rise in PPi is accompanied by precipitation of Ca2PPi or Mg2PPi, since the solubility product of both these complexes is very low (Wiers, 1971 ). Thus it is likely that uncomplexed PPi is important in inducing swelling. It is known that it is the uncomplexed form of adenine nucleotides that bind to and are translocated by the adenine nucleotide translocase (Kramer, 1980; Klingenberg, 1981) Panov et al. (1980) have presented data that the conformation of the adenine nucleotide translocator that is stabilized by carboxyatractyloside may enhance the permeability of the mitochondrial inner membrane to K+. Jung & Brierley (1981 have also presented data that support a role for this translocator in regulating K+ permeability in heart mitochondria. They showed that adenine nucletoide depletion enhanced K+ permeability, whereas addition of ADP inhibited it. Our own data in Fig. 7 add further support for a role for the adenine nucleotide translocase in regulating K+ entry into mitochondria and suggest that PPi may bind to the translocator and induce permeability to K+ and other small cations. In addition, we have shown that under deenergized conditions PPi can cross the inner membrane by an electrogenic transport system that is enhanced by the presence of carboxyatractyloside, suggesting that perhaps the adenine nucleotide translocase in the 'C' conformation itself mediates transport.
Relationship to the effects of hormones in vivo
We believe that the data reported in the present paper support the following mechanism for the hormonal increase in mitochondrial matrix volume. A rise in cytoplasmic [Ca2"] allows uptake of Ca2" into the mitochondria, as has been measured in several laboratories (Reinhart et al., 1984; Shears & Kirk, 1984; McCormack, 1985; Assimacopoulos-Jeannet et al., 1986) . This then increases the mitochondrial [PPJi, which interacts with the adenine nucleotide translocator, enabling it to transport K+ into the mitochondria driven by the membrane potential. Uptake of an anion such as phosphate occurs to compensate the uptake of K+, and thus an osmotic imbalance causes the mitochondria to swell until the K+/H+ antiporter is stimulated sufficiently to balance the enhanced K+ entry (Garlid, 1980; Dordick et al., 1980; Nakashima et al., 1982 ). An additional consequence of the PPi binding to the adenine nucleotide translocator will be the uptake of adenine nucleotides into the mitochondria in exchange for PP1, as occurs in vitro (Table 2 ) in response to Ca2". Haynes et al. (1986) have also reported that incubation of mitochondria with ATP in the presence of Ca2" increases the mitochondrial adenine nucleotide content, but in a carboxyatractyloside-insensitive manner. Several significant differences in the experimental protocol of these workers should be noted. They used sucrose rather than KC1-based incubation media, incubated for longer times than in the present study and made no correction for extramitochondrial adenine nucleotides contaminating the mitochondrial pellet. The content of adenine nucleotides determined in their experiments was also considerably higher than those reported here, or values derived from rapid subcellular-fractionation techniques (Siess et al., 1977; Titheradge & Haynes, 1980; Soboll & Scholz, 1986) .
As outlined in the Introduction, increased mitochondrial total adenine nucleotides is a well-documented consequence of hormone action on the liver, and is thus readily explained by the current hypothesis. It is also significant that we have demonstrated that butyrate and other short-chain fatty acids which elevate cellular (and presumably mitochondrial) [PPJ] (Veech et al., 1980; Otto & Cook, 1982) caused a decrease in light-scattering of hepatocytes, consistent with an increase in mitochondrial matrix volume (Halestrap et al., 1985) . Furthermore, Veech et al. (1980) have reported that injection of rats with either short-chain fatty acids or PPi has effects on liver metabolite concentrations similar to that of glucagon. We have freeze-clamped livers from control, glucagon-and phenylephrine-treated rats [see Armston & Halestrap (1984) for protocol] and measured the total PPi content. The respective values (expressed as nmol/g wet wt. and means+ S.E.M. for the numbers of observations shown in parentheses) were 10.35 + 0.40 (18), 14.34+0.64 (9) and 12.27+0.59 (17) . These increases in PPi were both highly significant by Student's t test (P > 0.001 and P > 0.02 respectively) and support -our hypothesis. Measurement of the compartmentation of PPi within the hepatocyte will indicate whether the hormonally induced changes are intramitochondrial as anticipated.
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